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The experimental study of an automotive microchannel condenser with separation circuiting was presented in the past 
by the same authors demonstrating the potential for performance improvement (lower refrigerant exit temperature or 
higher condensate flow rate). The condenser has an inlet in the middle of the height and vapor is expected to separate 
from liquid in the second header after de-superheating in the first pass. Upper path (for vapor) and lower path (for 
liquid) recombine upstream the exit of the condenser. 
 
This paper presents a mechanistic model developed to predict the phase separation efficiency in the second header 
that is incorporated into the condenser model. At the outlet of the second header refrigerant flows to the upper (vapor) 
exit and to the lower (liquid) exit. These are the inlets for its downstream passes in the condenser. Thus, other than the 
in-header mechanisms for two phase interactions, the downstream flow resistance (a function of cross-sectional area 
and heat flux) also influences the separation results in the second header by setting up the boundary pressures, based 
on equal pressure drop in the upper path and lower path. The condenser model is validated by condenser test results 
in which R-134a is used as the refrigerant. Its mass flux through the first pass is in the range of 145 - 330 kg/(m2s). 
The difference between measurement and modeling results is ±5% for capacity and ±20% for pressure drop. The 




For a condensation process, liquid on the wall is detrimental because it decreases heat transfer coefficient and increases 
frictional factor. Removing it is one of the ways to improve condenser performance (Nobuta and Matsuo, 2002; Oh et 
al. 2003; Wu et al., 2010; Chen et al., 2012; Davies et al., 2017, 2018). Nowadays air-cooled microchannel condensers 
adopt design with multiple passes (groups of parallel tubes). Li and Hrnjak (2017a) and (2017b) prove both 
experimentally and by modelling that a microchannel condenser with separation circuiting improves the condenser 
performance by up to 8.9%. The pass circuiting schematic and the real condenser prototype are shown in Figure 1. 
Different than a conventional condenser design, the inlet of this condenser prototype is in the middle of the height. In 
the second header that is downstream of in the 1st pass, vapor phase is expected to move upward and separate from 
denser liquid phase, since the condenser is usually placed vertically. This design extends the relative area of vapor 
phase to liquid phase after separating them. Since vapor flow has higher heat transfer coefficient due to less liquid 
film on the wall, the overall effectiveness of the condenser can be increased.  
 
This method provides performance improvement without too much additional cost (flow pass rearrangement at the 
design phase and a few more baffles in header). Based on a rough calculation by the authors, if a 10% improvement 
on energy efficiency were achieved in the end, that would translate to a saving of $1.2 billion (600 million gallons) of 
gas annually just for vehicles in the U.S. 
 
Complete separation of liquid from vapor in the second header does not exist for every operating condition. In the 
 
2658, Page 2 
 
17th International Refrigeration and Air Conditioning Conference at Purdue, July 9-12, 2018 
      
Figure 1: Methodologies to remove unwanted phase in MCHE 
 
limited modeling studies of condensers using liquid-vapor separation (Won, 2003; Hua et al., 2013), predictive model 
for phase separation inside the header has not been found. Li and Hrnjak (2016) and (2018a) studied phase separation 
efficiencies in the second header with flow visualization. Following the notations in Figure 2, Equation (1) defines 
liquid separation efficiency ηl as the ratio of liquid flow rate that flows into the 2nd-liquid pass ṁl,l to the total liquid 
flow rate supplied to the inlet. Similarly, Equation (2) defines vapor separation efficiency ηv as the ratio of the vapor 









































where xv and xl are the quality at the vapor exit and the quality at the liquid exit, respectively. Different xv represents 
different separation result in the header. When xv > xin, phase separation happens. 
 
It is the goal of this paper to first demonstrate a mechanistic model for calculating ηl, ηv, xl and xv in the second header. 
Then this header model will be incorporated into the condenser model of Li and Hrnjak (2017a) in which separation 
efficiency was pre-assumed. The model will then be validated by condenser test results using R-134a. To the authors’ 
best knowledge, this complete model for separation condenser is the first time to appear in literature. The authors wish 
to convey the idea that, besides the internal two-phase flow dynamics in the second header, the downstream flow 
resistance (a function of cross-sectional area and heat flux) also influences the separation results because the 
downstream flow resistance sets up the boundary pressures for the second header.  
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2. MODEL DESCRIPTION 
 
2.1 Header model 
Li and Hrnjak (2018b) developed a mechanistic model for flow in the second header to predict separation efficiency. 
This paper will focus on the incorporation of this header model into the separation condenser model. More details 
about the header model can be referred in the original paper. The control volume of the header model is the inlet region 
(arrow to the right) as shown in Figure 3. This model calculates inlet flows to the higher region and the lower region 
of the second header. The flow is assumed to be steady, adiabatic, and incompressible in nature. Vapor flow in each 
segment is assumed to have uniform velocity. 
 
When incorporated into the condenser model, the inputs for the header model are ṁin, xin, pin, ṁv,v. Outputs for the 
model are ηl, ṁl,v, ṁl,l, pv, pl. Based on ṁv,v, the vapor split ratio ζv (vapor going up for one tube divided by the vapor 
supplied to that tube) is calculated for all the inlet tubes. Then, the local vapor superficial velocity can be calculated 
for each segment. For example, a few segments are shown in Figure 4. The local vapor superficial velocity will later 
be used to determine liquid entrainment, thus calculating ṁl,v and ṁl,l. There is a segment where the velocity changes 
the sign and it is the vapor critical location, locv,crit, as shown in Figure 3.  
 
Two flow regimes are considered when calculating liquid entrainment: churn flow and annular flow. Churn flow is 
considered as huge waves moving upwards with a falling film on the wall and the waves consist of thousands of tiny 
droplets. Thus, there are two critical locations for liquid: locfilm,crit for film of annular flow and locdrop,crit for droplets 
of churn flow. locfilm,crit is higher than locdrop,crit since higher vapor velocity is required to entrain liquid film than entrain 
droplets. 
 
The model for droplet entrainment in waves of churn flow is based on Turner et al. (1969). There are three forces in 
the vertical direction for a droplet: the downward gravitational force FG, the upward buoyancy force FB, and the 




















   
(6) 
 
               
Figure 3: Three critical locations along the header Figure 4: Initialization of local superficial vapor velocity 
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where ρv and ρl are the vapor density and liquid density, uv and udrop are upward vapor velocity and droplet velocity, d 
is droplet diameter, and CD is drag force coefficient for spheres from GPSA Engineering Databook (2004). The droplet 
entrainment criterion is the sum of FD and FB exceeds FG. Superficial vapor velocity grows going upwards, so FD also 
grows. Counting from bottom, the first segment where the uv reaches the velocity that makes the net force bigger than 
zero is locdrop,crit. Above locdrop,crit all droplets from inlet tubes are entrained upwards; below locdrop,crit, all liquid will 
fall downwards. Besides locdrop,crit, the entrainment fraction Ef for churn flow segments is determined by Azzopardi 
and Wren (2004). 
 
The model for film entrainment adopts the most common flow reversal point criterion. It calculates the transition from 
churn flow to annular flow, e.g., the minimum vapor velocity at which the upward flowing annular film starts. At this 
















where ugs* is the dimensionless gas velocity, ugs is the superficial gas velocity, g is the acceleration due to gravity, and 
D is the diameter of the tube. 
 
An equivalent critical location locl,crit in terms of liquid entrainment is shown in Figure 3. locl,crit denotes the segment 
counted from the bottom where the mass flux of liquid changes sign. From locdrop,crit and locfilm,crit, the equivalent locl,crit 
can be determined as: 
 
( ) ( ) ( )
film,crit
drop,crit
t l,crit l,t t film,crit l,t l l,t i
loc
loc
N loc m N loc m m− = − +   (9) 
 
where ζl is the liquid split ratio for liquid flow from each inlet tube above locdrop,crit below locfilm,crit. Then the liquid 
separation efficiency ηl can be calculated as locl,crit / Nt. 
 
Adding liquid mass flux onto the vapor flux, the mass flux, quality, and void fraction in each segment can be worked 
out and locp0 in Figure 3 can be determined. locp0 denotes the segment where the net mass flux of refrigerant changes 
sign. locp0 is the starting point to calculate pressure, thus it is theoretically the highest-pressure segment in the header. 
Starting from locp0, the pressure drop for each segment in two directions downstream can be calculated. The pressure 
drop considered in the header include accelerational dp due to change of the rate of momentum, frictional dp and 
gravitational dp. Void faction correlation by Zivi (1964) is used for calculation of mean density ?̅?. The friction dp is 
calculated by the correlations of Friedel (1979). Pressure is deducted all the way to the exit of top segment (21) and 
the exit of the bottom segment (0), i.e., the model outputs pv and pl. 
 
2.2 Pass model 
The header model is incorporated into 1-D finite-volume model for flow passes in a separation condenser from Li and 
Hrnjak (2017a). Heat transfer and pressure drop correlations stay the same. As shown in Figure 5, the green dashed 
rectangular box denotes the location of the header model. Furthermore, the original pass model has been improved. 
Except for the 1st pass, each pass consists of one inlet header, parallel microchannel tubes, and one outlet header. One 
pass is one module in the code, marked by one rectangle in Figure 5. 
 
The original single pass model in Li and Hrnjak (2017a) is improved in the way that it considers the pressure drop in 
the header segment by segment (varying with mass flux and quality along the header). Frictional pressure drop ΔPfri 
and gravitational pressure drop ΔPgrav are considered. Figure 6 demonstrates pressure considered in one single pass of 
the condenser. The pressure drop for each flow path is expressed by equation (10). It includes the sum of segments in 
the inlet header, contraction pressure drop from header to the microchannel tube ΔPi,in, tube pressure drop ΔPi,tube, 
expansion pressure drop from tube to outlet header ΔPi,out, and the sum of segments in the outlet header. The approach 
of successive under relaxation is employed to ensure the steady solution for equal pressure drop of each flow path, as  
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Figure 5: Second header model is incorporated into the pass model for separation condenser 
 
  
Figure 6: Modelling of one single pass in the condenser 
 
shown by equation (11). 
 
t












Following assumptions are made to the model: (1) at each port in the same tube, refrigerant mass flow rate is the same; 
(2) no heat is conducted along the tube or between tube and fins; (3) all headers are adiabatic; (4) incoming air has 
uniform temperature. 
 
Figure 7 demonstrates the procedures for modelling the separation condenser. From the refrigerant-side and air-side 
inputs, the 1st pass is calculated first. Then ?̇?v,v is initialized and it will be iterated in the outer loop. Using ṁv,v as one 
of the inputs, the second header is calculated and it outputs the liquid flow rate going into the vapor pass ṁl,v,second header, 
as well as the two boundary pressures pv and pl. They are the inlet pressures for the 2nd-vapor pass and 2nd-liquid 
pass. So, with them as the inputs for the pass model, and the initial value of ṁl,v,pass, outlet pressures of the 3rd-vapor 
pass and the 3rd-liquid pass p3v,ro and p3l,ro can be calculated. ṁl,v,pass will be iterated in the inner loop using secant 
method until |p3l,ro - p3v,ro| < 0.1 kPa. After getting ṁl,v,pass, it will be compared with ṁl,v,second header and ṁv,v is iterated in 
the outer loop until |ṁl,v,pass - ṁl,v,second header| < 0.1 g/s. With final values of ṁv,v and ṁl,v, vapor passes and liquid passes 
in Figure 5 can be calculated, then the model will proceed to the 4th pass in which two streams recombine. Finally, 
the outputs will be refrigerant and air outlet states, condenser capacity, pressure drop, and subcooling. The code is 
implemented in MATLAB (R2017a). Refrigerant properties are got from REFPROP 8.0 (NIST, 2007). 
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The facility used for experiments is the same with that in Li and Hrnjak (2017b). Figure 8 is a schematic for this 
mobile air-conditioning (MAC) system. The system consists of an open compressor, a microchannel condenser of 
interest, a manually-controlled electric expansion valve, a microchannel evaporator and an accumulator before the 
compressor suction. The compressor is a ACDelco compressor with a fixed displacement of 135 cm3 REV-1. The 
evaporator is a two-slab four-pass microchannel evaporator with an overall dimension W254mm × H225mm × 
D39mm. It has 58 microchannel tubes in total and fin density of 10 fins per inch. The total heat transfer area on the 
air side is equal to 2.87 m2.  
 
The separation condenser is a parallel-flow, single-slab condenser with louver fins designed for a mid-size sedan. The 
flow passes of the separation condenser are made by 54 aluminum microchannel tubes and D-shaped headers. Tube 
number for each pass has been shown in Figure 1. The other geometrical characteristics for the condenser are listed in 
Table 1. The air flow rate for the condenser is controlled by a variable speed blower and is deducted from pressure 
drop and temperature at the flow nozzle downstream. More detailed information for the testing facility and 
instrumentation in the system can be found in Feng and Hrnjak (2015). 
 
Capacities of the condenser is obtained through independently measured air-side capacity and refrigerant-side capacity. 
On the air side, the condenser capacity is calculated as equation (12). The refrigerant-side capacity is calculated as 
equation (13). 
 
( )a a odn aiQ m h h= −  (12) 
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Figure 8: MAC system for testing the separation condenser  
 
Table 1: Main geometries of the microchannel condenser with separation circuiting 
Item Value Item Value 
Width w/ headers [mm] 710 Number of MC ports per tube [-] 12 
Width w/o headers [mm] 680 Fin thickness [mm] 0.1 
Height w/ side plates [mm] 405 Fin pitch [mm] 1.21 
Height w/o side plates [mm] 390 Louver pitch [mm] 0.88 
Depth [mm] 12.2 Louver length [mm] 4.0 
MC tube thickness [mm] 1.43 Louver angle [-] 28 
MC tube pitch [mm] 7.0 Header equivalent diameter [mm] 11.0 
MC port Dh [mm] 0.66   
 
( )r r ri roQ m h h= −  (13) 
 







=  (14) 
 
From Li and Hrnjak (2017b), the refrigerant pressure has an uncertainty of ±1 kPa, the refrigerant temperature ± 0.5 
˚C, and the refrigerant mass flow rate ± 0.045 g/s. Using these uncertainties for the measured variables, the uncertainty 
for condenser capacity Q is 2.5% and the uncertainty for subcooling ΔTsub is 5%.  
 
4. RESULTS AND DISCUSSION 
 
First, the model is validated against experiment data under 36 different operating conditions per SAE Standard J2765 
(2008). Refrigerant liquid distribution is assumed uniform among microchannel tubes in each pass. Air temperature is 
35 ºC or 45 ºC. The refrigerant condensing pressure ranges from 1175 to 1674 kPa and the R-134a mass flow rate 
from 15.1 g/s to 34.4 g/s, which corresponds to mass flux through the first pass in the range of 145 kg/(m2·s) – 330 
kg/(m2·s). Subcooling at the condenser exit is controlled in the range of 0 – 20 K. 
 
Figure 9(a) shows the comparison of predicted and measured heating capacities for the separation condenser. All the 
36 data points are predicted within +/-5% deviation from the experimental results for both condensers. Figure 9(b) 
compares the predicted and measured condenser pressure drop. All the data points are predicted within +/-20% 
deviation from the experimental results. Overall, modeling results show fair agreement with experimental results. 
 
Figure 10(a) shows the infrared image of surface temperature of the separation condenser at test condition L35a with 
Tcri=74.0 °C and Tcro=41.8 °C. Figure 10(b) shows the modelling results for the same inlet condition. Liquid 
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(a) (b) 
Figure 9: Comparison of the experiment results and model results: (a) Condenser capacity; (b) Pressure drop 
 
   
(a) (b) 
Figure 10: Comparison of the local wall temperature: (a) Experiment result; (b) Modelling result 
 
distribution profile for passes is based on length of subcooled region. Surface temperature profiles match well. 
Tcro=45.0 °C in the model, causing 2.8% difference in Q. xv defined in Figure 2 is calculated to be 0.72 in the second 
header. Apparently, complete phase separation did not happen for this case. The precited values of xv for all the test 
conditions vary from 0.56 to 0.75, while xin from Figure 2 is equal to 0.41 to 0.66.  
 
In a separation condenser, the upper vapor path and the lower liquid path finally mix in an integrated receiver. Between 
the second header exits and the integrated receiver, downstream geometry and air load affect the downstream flow 
resistance and give different pressure drop, which set the pressure boundary conditions at liquid and vapor exits and 
alter separation efficiencies in the header. To prove this, two cases are simulated at the same refrigerant inlet conditions 
(Tcri, Pcri, ṁcri). Air-side velocity is first set uniformly to be 1.5 m/s, then vapor path is assigned with 2 m/s while liquid 
path with 0.21 m/s (constant volumetric flow rate). Figure 11 demonstrates different values for ηv and ηl for the two 
 
 
(a) ηv = 78.4%, ηl = 56.7% (b) ηv = 87.7%, ηl = 47.1% 
Figure 11: Wall temperature at the same total air load: (a) Uniform air; (b) Non-uniform air 
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cases, together with different wall temperature profiles. Compare case (b) to case (a), with a higher air velocity on the 
vapor path, a larger flow rate goes upward, giving higher ηv and lower ηl. Also, there is a lower temperature at the exit 
of the 3rd-vapor pass because of the higher air-side heat transfer coefficient. In this particular comparison, case (b) 
has higher Tcro (40.3 ˚C) than case (a) (38.9 ˚C), but the trend is not general. 
 
Figure 12 shows how the header model and the pass model work together to calculate the ηv and ηl in the separation 
condenser. Each of the pass model and the header model outputs a curve of ηl vs ηv. The intersect of the two curves 
equals to the real separation efficiency. The curve of the pass model is based on pressure drop balance. The vapor path 
with higher air velocity (2 m/s) will allow more vapor to come in. That is why at the same value of ηl, ηv is bigger for 
case of the nonuniform air, i.e., the curve is translated to the right. Thus, the pass model curve intersects with the 




A mechanistic model is built to predict the phase separation efficiency in the second header. The header model is then 
incorporated into the model for separation condensers. The header model provides inputs to the 2nd-vapor pass and 
the 2nd-liquid vapor of the separation condenser. Modelling results are compared with the experiment results from a 
mid-size MAC condenser. The difference for capacity is ±5% and ±20% for pressure drop. The model could work as 
a guidance for the design of phase separation condensers. 
 
By changing the downstream heat flux, it has been proved that the downstream flow resistance has impact on the 
separation efficiencies in the second header together with the internal two-phase flow dynamics. Separation 
efficiencies are determined by both, and they are not usually equal to 100% in reality. 
 
  




D diameter (mm) 3l 3rd-liquid pass 
Ef entrainment fraction (-) 3v 3rd-vapor pass 
G mass flux (kg/m2-s) a air 
loc location  B buoyancy 
?̇? mass flow rate (g/s) cri condenser refrigerant inlet 
MAC mobile air conditioning   cro condenser refrigerant outlet 
MC microchannel  D drag 
N number (-) G gravitational 
P pressure (kPa) gs gas superficial 
T temperature (°C) in inlet 
x vapor quality (-) l (1st) liquid phase 
Greeks  (-) l (2nd) liquid path 
η liquid separation efficiency (-) r refrigerant 

















 Pass Model (uniform air)
 Pass Model (nonuniform air)
intersection is real 
efficiency in condenser
Higher air velocity 
on vapor path
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ζ split ratio (-) ri refrigerant inlet 
Subscripts   ro refrigerant outlet 
1st 1st pass  t microchannel tube 
2l 2nd-liquid pass  v (1st) vapor phase 
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